Introduction
============

Cancer immunotherapy has been given more attention recently due to the approval of dendritic cell (DC)-based anti-tumor immunotherapy, such as Provenge^®^ (sipuleucel-T) for metastatic prostate.[@b1-ijn-13-3353] DCs are the decisive professional antigen presenting cells (APCs) that can phagocytize antigens and activate a specific antigen immune response.[@b2-ijn-13-3353] DCs loaded with tumor antigens are a high-quality immunotherapeutic strategy to prevent or treat cancer. Effective anti-tumor DC vaccines should have the ability to induce antigen-specific T cell immune responses. After tumor antigens have been efficiently internalized, processed, and presented by DCs to naive T cells, it induces their proliferation and differentiation into effector cells such as CD8^+^ cytotoxic T lymphocyte cells (CTLs), to kill tumor cells.[@b3-ijn-13-3353]

Many clinical trials indicated that DC-based vaccines could improve innate or nonspecific immune responses in cancer patients, but the dysfunction of antigen phagocytosis and lack of effective tumor antigens are usually the main reasons for the limited efficacy of anti-tumor DC vaccines.[@b4-ijn-13-3353]--[@b6-ijn-13-3353] To overcome these barriers, tumor-associated antigens from tumor lysates as specific antigens have been recognized as a promising strategy in previous studies.[@b7-ijn-13-3353] Hence, many studies have searched for suitable carriers for transporting the tumor specific antigens.

Nano-adjuvants may have the advantage of adsorbing soluble antigens by serving as antigen carriers and protecting the antigens from enzyme degradation, enabling delivery to DCs, and stimulating antigen presentation.[@b8-ijn-13-3353] Inorganic nanoparticles with antigens are controllable and simple antigen--adjuvant complexes, which can carry varieties of protein antigens into APCs, have been extensively used as antigen delivery systems for DC vaccines to induce antigen-specific CTL immune responses.[@b9-ijn-13-3353] Aluminum adjuvants were approved as inorganic nanoparticles by the US Food and Drug Administration for human use because of their favorable safety biocompatibility.[@b10-ijn-13-3353] Aluminum hydroxide nanoparticles have the advantage of high efficiency for adsorbing antigens and can be used as antigen depots and for slow release of antigens.[@b11-ijn-13-3353]--[@b13-ijn-13-3353] Thus, we investigated whether aluminum hydroxide combined with tumor-associated antigens can facilitate phagocytosis by DCs in this study.

Rehydragel^®^ (aluminium hydroxide\@heparanase, LV@ HPA),[@b14-ijn-13-3353],[@b15-ijn-13-3353] a specific aluminum hydroxide gel containing high purity aluminum hydroxide nanoparticles, has been used as an adjuvant for veterinary vaccines and human biological materials. LV\@HPA nanoparticles possess a needle shape compare with other aluminum hydroxide adjuvants,[@b16-ijn-13-3353],[@b17-ijn-13-3353] but whether it can be used as immunologic adjuvant for DCs vaccine is still unknown. Studies have demonstrated that aluminum hydroxide nanoparticles are based on mineralized hydroxyapatite and can produce a high degree of protein adsorption performance.[@b18-ijn-13-3353],[@b19-ijn-13-3353] However, a previous study showed that it can only cause moderate intensity antigen-specific immune responses.[@b16-ijn-13-3353] Recently, extensive study of polyethyleneimine (PEI) found it to have a "proton sponge" effect when it was used as delivery carrier.[@b20-ijn-13-3353] LV\@HPA nanoparticle possesses many advantages such as negligible cytotoxicity, large surface area, and highly effective drug loading.[@b21-ijn-13-3353] Owing to their excellent properties, LV\@HPA nanoparticles modified with PEI (LV\@HPA/PEI) are studied here. In particular, this study examines whether the LV@ HPA/PEI-antigen can be used as a novel adjuvant for DCs in anti-tumor immunotherapy.

The efficient cross-presentation of tumor-associated antigens (TAAs) is pivotal for the success of DC vaccines. TAAs, including short-lived proteins (SLiPs) and defective ribosomal products (DRiPs), are ubiquitinated and degraded by proteasomes in tumor cells.[@b22-ijn-13-3353] A broad spectrum of SLiPs and DRiPs are shunted into autophagosomes named DRibbles (tumor derived autophagosomes).[@b23-ijn-13-3353] DRibbles, induced by accelerating autophagy, inhibiting the proteasome, and restraining the lysosome, can accumulate a large number of TAAs, which were used for enhancing the immune responses in a previous study.[@b24-ijn-13-3353] We demonstrated that DCs loaded with α-Al~2~O~3~-DRibbles could promote antitumor-specific immune responses and had great anti-tumor efficacy in a murine lung tumor model.[@b25-ijn-13-3353] Thus, we also examined how DRibbles combined with LV\@HPA nanoparticles can promote the function of DC vaccines to obtain higher anti-tumor potency.

In this study, DCs with antigen cross-presenting functions were examined, including murine mutu DCs,[@b26-ijn-13-3353] murine bone marrow-derived DCs (BMDCs), and human DCs (Mutz-3).[@b27-ijn-13-3353] The abilities of LV\@HPA/PEI nanoparticles to absorb antigen protein and enhance DC antigen cross-presentation were studied. Moreover, tumor-specific T cell responses were observed by LV\@HPA/PEI-DRibbles activation and compared with LV\@HPA-DRibbles and α-Al~2~O~3~-DRibbles after loading DCs. Furthermore, the effect of human tumor-specific T cells activation and anti-tumor abilities by LV@ HPA/PEI-DRibble-DCs was detected.

Materials and methods
=====================

Preparation of LV\@HPA/PEI
--------------------------

The LV\@HPA/PEI nanoparticles were prepared by the co-incubation method.[@b28-ijn-13-3353] Briefly, 0.5 mL LV\@HPA (5 mg/mL) was dripped dropwise into a 1.5 mL PEI (25 mg/mL) solution during stirring. After 3 hours of stirring, purification of the crude PEI-coated LV\@HPA (LV\@HPA/PEI) was performed twice at 750× *g* for 30 minutes, and the product was re-dispersed in PBS. LV\@HPA was brought from Chemtrade Chemicals, Syracuse, NY, USA. HPA is a ubiquitous anionic linear polysaccharide. PEI MAX, Linear, MW 25,000 (PEI) was obtained from PolyScience (Catalog number 24765, Niles, IL, USA).

Mice
----

Specific pathogen-free, 8-week-old C57BL/6 and OT-1 mice were purchased from the Model Animal Research Center of Nanjing University. All research procedures were approved by the Animal Care and Use Committee of the Medical School of Nanjing University and conformed to the National Institutes of Health Guide for Care and Use of Laboratory Animals (Publication No 85-23, revised 1996).

Cells culture
-------------

BMDCs were generated from bone marrow precursors of C57BL/6 mice. Briefly, femur bones were removed from C57BL/6 mice, and bone marrow was flushed out with RPMI 1640 medium (Thermo Fisher Scientific, Waltham, MA, USA). The cells (1×10^6^ cell/well) were washed twice with PBS and then cultured in complete RPMI 1640 medium supplemented with murine granulocyte-macrophage colony-stimulating factor (10 ng/mL, GM-CSF; Gibco), and murine IL-4 (1 ng/mL, PeproTech, Rocky Hill, NJ, USA) for 5 days. Half medium was gently replaced on day 2 and day 4. Murine mutu DCs were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 100 units/mL penicillin, and 100 mg/mL streptomycin (Invitrogen, Thermo Fisher Scientific). Human acute myeloid leukemia cell line Mutz-3 was maintained in α-minimum essential medium (α-MEM) supplemented with 10% FBS and 10 ng/mL GM-CSF. Murine pancreas cancer cell line, including PancO2 and PancO2-ovalbumin (OVA), were cultured in complete RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, and 100 units/mL penicillin.[@b29-ijn-13-3353] Melanoma1383, a human tumor cell line, was cultured in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, and 100 units/mL penicillin. TIL 1383I cells (HLA-A2 restricted, tyrosinase: 368--376 reactive) were cultured with RPMI 1640 medium supplemented with 10% heat-inactivated pooled human AB serum (Valley Biomedical, Winchester VA, USA), 100 units/mL penicillin, 2 mM L-glutamine, and 6,000 IU/mL recombinant human IL-2 (Cetus, Berkley, CA, USA) as previously described.[@b30-ijn-13-3353]

The cell lines, PancO2, PancO2-OVA, murine mutu DCs, and B3Z, were provided by Prof Hong-ming Hu, Providence Medical Center. Mutz-3 cells were provided by Dr Reeneke von der Ven, Department of Pathology, VU University Medical Center. Melanoma1383 were provided by Dr Rosenberg, NCI, and TIL 1383I were provided by Micheal Nishimura, Loyola University Medical Center. All cell lines were approved by Ethics committee of the Medical School of Nanjing University.

Properties of adsorbing protein
-------------------------------

The adsorption of OVA protein by nanoparticles was carried out by mixing them in solution. Briefly, 250 μg/mL OVA protein solution was added into tubes followed by the addition of LV\@HPA and LV\@HPA/PEI (final concentrations were 1, 2.5, 5, 10, 20, and 30 μg/mL). The tubes were shaken at 4°C for 2 hours and then centrifuged at 750× *g* for 30 minutes. Thereafter, the supernatant liquid was collected and the OVA protein content was detected using bicinchoninic acid (BCA) Protein Assay kit (Thermo Fisher Scientific). The supernatant protein was subtracted from the total amount of protein to determine the adsorbed OVA protein.

Cell counting kit-8 (CCK-8) assay
---------------------------------

According to precious protocol, nano-adjuvants were co-cultured with mutu DCs for 6 hours and then co-cultured with B3Z T cells for another 24 hours.[@b31-ijn-13-3353] Hence, mutu DCs (50 μL, 2×10^4^ cell/well) were loaded with either 50 μL LV\@HPA/PEI-OVA or LV\@HPA-OVA (final concentrations were 1, 2.5, 5, 10, 20 and 30 μg/mL) for 24 hours. Cell viability was detected by CCK-8 kit (Sigma-Aldrich, St Louis, MO, USA) assay, and the absorbance was read at 450 nm using a microplate reader (Synergy HT, BioTek, Winooski, VT, USA) according to the manufacturer's instructions.

Transmission electron microscopy (TEM) and surface charges of nano-adjuvant
---------------------------------------------------------------------------

The mutu DCs (50 μL, 2×10^6^ cell/well) were incubated with the 50 μL nano-adjuvants (10 μg/mL, either LV\@HPA-OVA or LV\@HPA/PEI-OVA) for 2 hours.[@b31-ijn-13-3353] After fixing, they were cut into ultra-thin sections (90 nm) and stained with osmium tetroxide (1%) and potassium ferrocyanide (0.8%) in 100 mM sodium cacodylate buffer for 2 hours. Then, samples were rinsed, stained, dehydrated, and infiltrated with a 1:1 mix of acetone and Epon 812 (EMS cat\#14120) overnight with rotation. After that, the 1:1 mixture was replaced with Epon 812 and allotted to polymerize overnight at 60°C. Thin sections obtained from the block face were imaged at 80 kV on an FEI-Tecnai 12 system interfaced to a digital camera and analyzed with the associated software (Advanced Microscopy Techniques, Danvers, MA).

The zeta potentials of the LV\@HPA, LV\@HPA/PEI, and LV\@HPA/PEI-OVA were measured using a Zetasizer Nano ZS90 potential analyzer (Malvern, UK).

Uptake of LV\@HPA/PEI-OVA into DCs
----------------------------------

LV\@HPA/PEI were incubated with OVA-fluorescein isothiocyanate (FITC) (Sigma-Aldrich) for 2 hours and then co-cultured with mutu DCs (5×10^4^ cell/well) at 37°C under 5% CO~2~ for 6 hours. Then, the fluorescence intensity of mutu DCs was detected by flow cytometry.

OVA protein contained in mutu DCs cell lysates was detected by Western blot. In brief, samples of cell total lysates were incubated with the antibody of anti-OVA (1:1,000) (Cell Signaling Technology, Danvers, MA, USA) at 4°C overnight and secondary antibody labeled with horseradish peroxidase (1:1,000) was incubated for another 2 hours. Thereafter, the Western blots were visualized using an enhanced chemiluminescence system (EMD Millipore, Billerica, MA, USA), and the density of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) served as an internal loading control.

Analysis of surface markers by flow cytometry
---------------------------------------------

For analyzing the changes of surface markers, mutu DCs were incubated with either 10 μg/mL LV\@HPA/PEI-OVA, and LV\@HPA-OVA for 6 hours. Then, cells were harvested, thoroughly washed twice and incubated with fluorochrome-conjugated specific antibodies including CD80 and CD86 (eBioscience, Thermo Fisher Scientific) at recommended dilutions for 30 minutes at 4°C. After washing, the surface-marker analyses were performed by FACSCalibur (BD, San Jose, CA, USA), and the results were analyzed using FlowJo software (vX.0.7, Tree Star, Ashland, OR, USA).

Chlorophenol red-β-D-galactopyranoside (CPRG) assay detected antigen cross-presentation in vitro
------------------------------------------------------------------------------------------------

As B3Z T cells can specifically recognize OVA-major histocompatibility complex I (MHC-I) molecular compounds on the DC surface in association with H-2Kb, the activation of B3Z T cells could be quantified by CPRG assay. First, mutu DCs (2×10^4^ cell/mL) were loaded with LV\@HPA/PEI-OVA for 5 hours. Second, the cultures were washed to remove the suspended cells and then added to B3Z T cells (2×10^5^ cell/mL) overnight. OVA alone (100 μg/mL), PBS, and SIINFEKL (1 μg/mL) were used as control. The activated response of B3Z T cells was measured by CPRG (Sigma-Aldrich) and the absorbance of 595 nm in this assay indicates the antigen cross-presentation ability of DCs.

Carboxy-fluoresceindiacetate succinimidylester (CFSE) dilution assay in vitro
-----------------------------------------------------------------------------

For a DC cross-presentation assay, the splenocytes were obtained from OT-1 mice. BMDCs (2×10^5^ cell/mL) were incubated with either LV\@HPA/PEI-OVA or LV\@HPA-OVA (10 μg/mL) for 6 hours and then co-cultured with CFSE-labeled primed OT-1 splenocytes (2×10^6^ cell/mL) for another 72 hours. Proliferation of CFSE-labeled T cells was determined by flow cytometry.

Preparation of DRibbles and nanoparticle-DRibbles
-------------------------------------------------

DRibbles were prepared as described previously.[@b32-ijn-13-3353] Briefly, murine PancO2, PancO2-OVA, or human 1383 melanoma cells were treated with 100 nM Rapamycin (Enzo Life Sciences, Farmingdale, NY, USA), 100 nM Bortezomib (Millennium Pharmaceuticals, Cambridge, MA, USA), and 10 mM ammonium chloride (Sigma-Aldrich) in complete RPMI 1640 medium for 24 hours. Cells were harvested and centrifuged at 300× *g* for 5 minutes and the supernatant was then centrifuged at 12,000× *g* for 15 minutes to collect the DRibbles of the tumor cells. Tumor cell lysates (Lysates) were prepared through three freeze-thaw cycles, and the supernatants were collected by centrifugation at 12,000× *g* for 10 minutes. The LV\@HPA/PEI-DRibbles were prepared by the co-incubation method. Briefly, DRibbles were prepared by undertaking three freeze-thaw cycles and the supernatants were collected by centrifugation at 12,000× *g* for 10 minutes. The obtained supernatants of DRibbles were dripped into the nanoparticle solution during stirring at 4°C for 2 hours.

Scanning electron microscopy (SEM)
----------------------------------

The DRibbles were collected, and the sample for SEM was added to 4% paraformaldehyde to fix at 4°C overnight. Thereafter, the sample was dripped on a small piece of aluminum foil, which was used as the counter electrode, and dried in air. The surface morphology of the sample was observed with an Ultra Plus Field Emission scanning electron microscope (Zeiss, Oberkochen, Germany) operating at 1.00 kV. The image was acquired with a CCD camera (Evolution MP 5.0; Media Cybernetics, Rockville, MD, USA).

T cell activation
-----------------

C57BL/6 mice (n=6) were injected PancO2 tumor cells (2×10^5^ cell/mL) for 2 weeks, then the splenocytes were isolated and expanded with α. CD3 antibody (10 ng/mL, eBioscience) and IL-2 (1,000 U/mL, Endogen, Thermo Fisher Scientific) for 3 days. DRibbles, obtained from PancO2 cells, were incubated with 10 μg/mL LV\@HPA/PEI for 1 hour and then co-cultured with the mutu DCs for 6 hours. After the splenocytes were incubated with LV\@HPA/PEI-DRibble-DCs vaccine for another 6 hours, Brefeldin A (5 μg/mL, Sigma-Aldrich) was added into the cell medium to stop the Golgi transportation of intracellular cytokines and then the activated T cells were stained with the antibodies of CD3, CD8, and interferon-gamma (IFN-γ) (eBioscience). Next, the percentages of CD3^+^, CD8^+^, and IFN-γ^+^ T cells were determined by flow cytometry and analyzed by FlowJo software (Tree Star, Ashland, OR, USA).

Mice were subcutaneously vaccinated with LV\@HPA/PEI-DRibbles, LV\@HPA-DRibbles, LV\@HPA/PEI-Lysates, LV\@HPA-Lysates and PBS (containing 5 μg/mL PancO2 DRibbles and 10 μg/mL nanoparticles). The same vaccination was performed on the 7th day from the first injection. On the 14th day, the mice were sacrificed and their splenocytes were taken out. Then the splenocytes were cultured with PancO2 tumor cells for 24 hours. The immune response was evaluated by IFN-γ releasing using mouse IFN-γ enzyme-linked immunosorbent assay (ELISA) Ready-SET-Go! kit (eBioscience).

For the measurement of cytokine production by TIL 1383I, Mutz-3 DCs were treated with LV\@HPA/PEI-1383 DRibbles for 6 hours and then incubated with TIL 1383I for 24 hours. The cytokine production of IFN-γ and GM-CSF was detected by ELISA detection after 24 hours. ELISAs used Human IFN-γ ELISA Ready-SET-Go! kit and Human GM-CSF ELISA Ready-SET-Go! kit (eBioscience).

Animal assay
------------

To investigate the anti-tumor efficacy of LV\@HPA/PEI-DRibble-DCs in vivo, PancO2 cells (2×10^5^ cell/mL) were subcutaneously injected (s.c.) into C57BL/6 mice (n=24 mice) in the right flank on day 0. The mice were randomly distributed into four groups (n=6) 7 days later. Vaccines of either DRibble-DCs or LV\@HPA/PEI-DRibble-DCs were administered into the mice by s.c. on day 7 and into the inguinal lymph nodes on day 14. Thereafter, the tumor volumes were measured every 3 days with Vernier caliper and calculated using the formula *V* = 1/2 × *a* × *b*^2^, where *a* is the largest diameter (length) and *b* is the smallest diameter (width) of the tumor. The mice were sacrificed on day 54.

Statistical analysis
--------------------

All statistical analyses were performed using SPSS (version 11.0, SPSS Inc., Chicago, IL, USA). Data were expressed as mean ± SD. Differences between control and test groups were assessed by one-way analysis of variance or two-tailed Student's *t*-tests. Survival rates were assessed by the Kaplan--Meier method. The level of statistical significance was set at *P*\<0.05.

Results
=======

Uptake of nanoparticle-OVA by DCs
---------------------------------

The surface charge of LV\@HPA/PEI nanoparticles was assessed by measuring zeta potential. It was found that LV\@HPA nanoparticles exhibited negative zeta potential (pH 7.2--7.4) and positive charge after modification by PEI ([Figure 1A](#f1-ijn-13-3353){ref-type="fig"}). To successfully construct LV\@HPA/PEI-OVA with stable positive charge, the optimized concentration of LV\@HPA/PEI:OVA mass ratio was 1:10, which was used for further experiments. The result of the BCA assay confirmed that the protein adsorption abilities of LV\@HPA/PEI were greater than those of LV\@HPA in different protein concentrations ([Figure 1B](#f1-ijn-13-3353){ref-type="fig"}). The cytotoxicity assay of nanoparticles demonstrated that LV\@HPA/PEI-OVA and LV\@HPA-OVA did not show obvious cytotoxicity against DCs compared with the DCs alone up to 10 μg/mL, indicating an outstanding in vitro cellular biocompatibility of both LV\@HPA-OVA and LV\@HPA/PEI-OVA ([Figure 1C](#f1-ijn-13-3353){ref-type="fig"}). The ultrastructure of DCs labeled with either LV\@HPA-OVA or LV\@HPA/PEI-OVA was observed under TEM. It can be seen that the nanoparticle--OVA complexes were either internalized through cell membrane retraction or stayed as vesicles in the cytoplasm. DCs treated with LV\@HPA/PEI-OVA displayed a higher number of vesicles as compared to LV\@HPA-OVA, in which the needle-like nanoparticles, as shown by the red arrows, were internalized by cell membrane retraction and trapped in the cytoplasm ([Figure 1D](#f1-ijn-13-3353){ref-type="fig"}). Furthermore, OVA-FITC was devoured by phagocytosis, and the fluorescence intensity of FITC was only about 7.0%. With the combination of OVA-FITC and LV\@HPA in the DCs, the fluorescence intensity reached about 17.7%. Interestingly, the fluorescence intensity of FITC reached about 25.5% in the intracellular parts of DCs after treatment with LV\@HPA/PEI-OVA-FITC, suggesting that LV\@HPA/PEI could make the transition of OVA-FITC into the DCs more effectively ([Figure 1E and F](#f1-ijn-13-3353){ref-type="fig"}). The results of Western blot also showed that the content of OVA in both LV\@HPA/PEI and LV\@HPA groups was higher than that in OVA alone, and a notable higher content of OVA was detected in the LV\@HPA/PEI group than in the LV\@HPA group, indicating that LV\@HPA/PEI could be designed to more effectively facilitate the assimilation of OVA protein in DCs ([Figure 1G](#f1-ijn-13-3353){ref-type="fig"}).

LV\@HPA/PEI-OVA activates DCs and promotes cross-presentation
-------------------------------------------------------------

Both LV\@HPA/PEI-OVA and LV\@HPA-OVA adjuvants could induce the release of IL-12 by DCs. With the concentration of adjuvants increased, the secretion of IL-12 was increased in both LV\@HPA/PEI-OVA and LV\@HPA-OVA groups, but that in the former group was higher than in the latter one. Secretion of IL-12 in LV@ HPA/PEI-OVA reached maximum values and remained stable beyond 10 μg/mL ([Figure 2A](#f2-ijn-13-3353){ref-type="fig"}). In addition, there were changes in the expression of surface co-stimulatory molecules (CD80 and CD86) after DCs were loaded with 10 μg/mL nanoparticle--OVA complexes ([Figure 2B and C](#f2-ijn-13-3353){ref-type="fig"}). The results indicated that aluminate adjuvants could promote the maturation and activation of DCs, especially with PEI modification.

To further investigate the effect of T-cell activation in a murine system, B3Z T cells were co-cultured with DCs and the activation of T cells was determined by measuring the production of β-galactosidase through a CPRG assay. Both LV@ HPA/PEI-OVA and LV\@HPA-OVA yielded a sufficient response to antigen cross-presentation. At each concentration, the effect of cross-presentation of LV\@HPA/PEI-OVA was much better than LV\@HPA-OVA and remained stable at 10 μg/mL. Meanwhile, OVA protein alone as negative control group showed no effect on cross-presentation to T cells by DCs ([Figure 2D](#f2-ijn-13-3353){ref-type="fig"}). Furthermore, the flow cytometry was adopted to determine the CD8^+^ T cell proliferation from OT-1 mice and it was found that both LV\@HPA/PEI-OVA and LV\@HPA-OVA can significantly promote CD8^+^ OT-1 T cell proliferation compared to OVA alone. The proliferation peak of LV\@HPA/PEI-OVA was shifted to the left side, indicating that its proliferation rate was faster and stronger than that of LV\@HPA-OVA ([Figure 2E and F](#f2-ijn-13-3353){ref-type="fig"}). Moreover, in order to investigate the mechanism of DCs cross-presentation, DCs were generated from TAP1 knockout mice and co-cultured with either LV\@HPA/PEI-OVA or LV\@HPA-OVA. TAP1^−/−^ DCs loaded with complexes could not effectively stimulate the B3Z T cell activation, which means that TAP1 molecule in DCs was absolutely necessary for cross-presentation of nanoparticle-OVA complexes ([Figure 2G](#f2-ijn-13-3353){ref-type="fig"}).

The efficiency of cross-presentation increased by the combination of DRibbles with nanoparticles
------------------------------------------------------------------------------------------------

SEM revealed the surface morphology and diameters of the DRibbles, which exhibited relatively spherical structures and smooth surfaces ([Figure 3A](#f3-ijn-13-3353){ref-type="fig"}). DRibbles, autophagosome-containing vesicles isolated from tumor cells, which contain TAAs including SLiPs and DRiPs, were combined with LV\@HPA/PEI to load DCs ([Figure 3B](#f3-ijn-13-3353){ref-type="fig"}). DCs, loaded with different concentrations of DRibbles, and combined with nano-adjuvant, could present antigens to effectively active B3Z T cells ([Figure 3C](#f3-ijn-13-3353){ref-type="fig"}). Furthermore, we found that LV\@HPA/PEI-DRibbles could significantly stimulate IFN-γ secretion by tumor-specific CD3^+^CD8^+^ T cells, which were separated from PancO2 tumor-bearing mice and incubated with different DC vaccines ([Figure 3D and E](#f3-ijn-13-3353){ref-type="fig"}). After re-stimulation with PancO2 tumor cells, splenocytes from mice vaccinated with LV\@HPA/PEI-DRibbles produced a higher level of IFN-γ than splenocytes from mice vaccinated with LV\@HPA-DRibbles, LV\@HPA/PEI-Lysates, and LV\@HPA-Lysates ([Figure 3F](#f3-ijn-13-3353){ref-type="fig"}). In order to validate whether the adjuvant could be applied to human DC vaccines in the future, 1383 DRibbles were extracted from Melanoma1383, combined with aluminum adjuvants, and then loaded to the DCs. T cells transferred 1383i antigen-specific T cell receptor (TIL 1383I) were incubated with different DCs vaccines. We found that LV\@HPA/PEI-1383 DRibbles and LV\@HPA-1383 DRibbles could significantly increase the secretion of IFN-γ and GM-CSF in the supernatant compared with the 1383 DRibbles alone, and the effect of LV\@HPA/PEI-1383 DRibbles was superior to that of LV\@HPA-1383 DRibbles. It was further demonstrated that PEI-modified LV\@HPA combined with DRibbles could be regarded as a high-quality DC adjuvant ([Figure 3G and H](#f3-ijn-13-3353){ref-type="fig"}).

LV\@HPA/PEI-DRibbles had a potent therapeutic efficacy on the established PancO2 tumor model
--------------------------------------------------------------------------------------------

Following the injection of four different vaccines, tumor volumes were measured every 3 days for a total of 54 days ([Figure 4A](#f4-ijn-13-3353){ref-type="fig"}). No obvious body weight loss or noticeable abnormality could be detected in groups receiving vaccines, indicating no onset of acute toxicity of the LV\@HPA/PEI-DRibble-DCs and DRibble-DCs. In contrast, evident weight gain could be observed in the PBS and DC-alone treated groups, and the increase of body weight is due to rapid tumor growth ([Figure 4B](#f4-ijn-13-3353){ref-type="fig"}). The different effects of immunizations on tumor-bearing mice were observed by constructing survival curves, in which LV\@HPA/PEI-DRibble-DCs could significantly improve the survival rate compared with DRibble-DCs and DCs alone ([Figure 4C](#f4-ijn-13-3353){ref-type="fig"}). The group of mice immunized with LV\@HPA/PEI-DRibble-DCs showed the smallest tumor size, which could be considered as the obvious suppression of tumor growth ([Figure 4D](#f4-ijn-13-3353){ref-type="fig"}). This is shown in respective survival curves and tumor growth curves for each group. Most of the mice in the PBS group died before 33 days, and the tumor growth curve was very steep. All mice in the DC-alone group survived for more than 33 days, and two mice survived nearly 42 days. In DRibble-DCs group, all mice survived beyond 39 days. However, the growth curves of the LV\@HPA/PEI-DRibble-DCs group was more gentle and smooth, and all mice survived for more than 51 days, with four mice surviving for more than 54 days. In addition, the tumors on LV\@HPA/PEI-DRibble-DCs group were significantly suppressed. Compared with other vaccines, the results showed that LV\@HPA/PEI-DRibble-DCs possessed excellent anti-tumor effects in vivo.

Discussion
==========

In order to suppress tumors, professional APCs need effective adjuvants to present TAA to active CTL responses by antigen cross-presentation. DCs have a key character to produce antitumor T cell responses due to their ability to take in antigens, process them into peptides with MHC I, and then present them to CD8^+^ T cells through a process known as cross-presentation.[@b33-ijn-13-3353] Rehydragel^®^ (LV\@HPA), an aluminum hydroxide nanoparticle with remarkable adsorption properties, has a strong adsorption capacity to carry soluble proteins. However, there are few systematic studies that evaluated the validity of LV\@HPA as immune adjuvants. Recently, more attention has been given to PEI, a surface modifier, which is a powerful positive charge modified nano-material that can modify charged surface of nanoparticles.[@b34-ijn-13-3353] In order to investigate the performance of surface modification of LV@ HPA with PEI, LV\@HPA/PEI was explored as antigen vector to promote the function of DCs in our study. Through the zeta-potential detection, it was found that LV\@HPA could be charged from negative to positive surface charge after being modified with PEI. Furthermore, the adsorbing performance of LV\@HPA/PEI was improved compared to that of LV@ HPA alone. Cellular internalization of cationic nanoparticle-PEI may trigger cytotoxicity with early necrotic cell damage and later apoptotic cell death.[@b35-ijn-13-3353] However, by modification with PEI, cytotoxicity of LV\@HPA/PEI is almost negligible below 10 μg/mL. High-quality nano-adjuvants have been shown to be useful not only for their excellent biocompatibility but also for more antigens into APCs presented with lower concentration. Our results showed that LV\@HPA/PEI could be internalized more effectively compared to LV\@HPA in DCs, which were demonstrated by TEM detection. Compared with negative charged nanoparticles, the positive charged nanoparticles of LV\@HPA/PEI were more likely to be internalized by DCs. Thus, it is quite possible that the positive-charged nanoparticles might be wrapped into endosomes and negative-charged nanoparticles into autolysosomes.[@b31-ijn-13-3353] From the flow cytometry and Western blot detection, our results showed that LV\@HPA/PEI could significantly improve the transportation of OVA protein into DCs compared with either LV\@HPA or OVA protein alone. This possibly means more OVA protein will be present on the DC surface as the peptide--MHC complex molecules are transported by LV@ HPA/PEI to induce tumor-specific T cells activation.[@b36-ijn-13-3353]

After confirming the efficient protein transport ability of LV\@HPA/PEI, we further explored whether it could help to promote DC maturation and enhance their antigen cross-presenting ability. First, the secretion of one of the most potent Th1-cytokines, IL-12, was detected. IL-12 has been used to improve the effect of DC-based anti-cancer immunotherapy.[@b37-ijn-13-3353] We found that LV\@HPA/PEI could promote more secretion of IL-12 by DCs than LV\@HPA in a dose dependent manner. The co-stimulatory molecules of CD80 and CD86 on DC surfaces are important molecules in the identification and binding DCs and T cells for T cell activation.[@b38-ijn-13-3353] LV\@HPA/PEI-OVA induced the upregulation of CD80 and CD86 expression on DCs, suggesting that the LV\@HPA/PEI could effectively promote the maturation of DCs in vitro.

To determine whether OVA protein could be processed and presented to MHC restricted--specific CD8^+^ T cells by DCs, BMDCs were treated with LV\@HPA/PEI-OVA and then co-cultured with CFSE-labeled OT-1 T cells, respectively. The results clearly showed that LV\@HPA/PEI-OVA could effectively load on DCs and obviously active the proliferation of OT-1 T cells, which means LV\@HPA/PEI could help antigens produce tumor-associated immune response. Based on our previous reports, antigens could be brought into the cytoplasm by positive-charged magnetic nanoparticles and degraded into peptides by the proteasome, then transported into the endoplasmic reticulum by the transporter TAP1 protein during antigens cross-presentation in DCs.[@b39-ijn-13-3353] The TAP1-knockout DCs with complete elimination of TAP1 was introduced in our study; the results indicated that the cross-presentation could be activated by the nano-adjuvants; this pathway was TAP1 dependent in DCs.

OVA protein is a soluble model antigen, whereas numbers of unconfirmed TAAs contained in DRibbles will be recognized and presented by DCs to inhibit tumor growth.[@b40-ijn-13-3353] With the assistance of suitable nano-adjuvants in a previous study, we showed that α-Al~2~O~3~ (60 nm) was a high-quality aluminum adjuvant that could bind to tumor autophagy antigens (DRibbles) to induce tumor-specific T cells activation, expansion, and tumor regression in mice bearing lung tumors.[@b25-ijn-13-3353] The DRibbles, including a number of TAAs, can load on DCs and inhibit the growth of tumors. Therefore, we would like to know whether LV\@HPA/PEI has the ability to combine DRibbles and enhance DC cross-presentation. Then, we inhibited proteasome and lysosome of PancO2-OVA cells, a mouse pancreatic tumor cell line, to induce the DRibbles, as in our previous method.[@b41-ijn-13-3353],[@b42-ijn-13-3353] After DRibbles was combined with LV\@HPA/PEI and co-cultured with DCs, the CRRG assay was performed and the result showed LV\@HPA/PEI-DRibbles was the best adjuvant to active DCs and to induce T cell activation, compared with either LV\@HPA-DRibbles or α-Al~2~O~3~-DRibbles. In order to explore the anti-tumor immune response of LV\@HPA/PEI-DRibbles, splenocytes were separated from PancO2 tumor-bearing mice and co-cultured with DCs loaded with LV\@HPA/PEI-DRibbles after expanding in vitro. The results showed that the proportions of activated T cells, CD3^+^CD8^+^IFN-γ^+^ T cells, increased obviously, meaning that our DC vaccines can stimulate a highly anti-tumor immune response in vitro. To determine whether LV@ HPA/PEI-DRibbles could induce a more effective tumor-associated immune response than LV\@HPA/PEI-Lysates, C57/BL6 mice were subcutaneously vaccinated with LV@ HPA/PEI-DRibbles, LV\@HPA-DRibbles, LV\@HPA/PEI-Lysates, and LV\@HPA-Lysates. After re-stimulation with PancO2 tumor cells, splenocytes from mice vaccinated with LV\@HPA/PEI-DRibbles produced a higher level of IFN-γ than other groups. The result of IFN-γ indicated DRibbles could effectively activate immunoreaction than Lysates, indicating that LV\@HPA/PEI could enhance the effect of DRibbles efficiently and effectively. As well as in murine T cell activation, the application of LV\@HPA/PEI-DRibbles was also studied in human DCs. In the human T cells activation assay, the APCs were human acute myeloid leukemia cell line (Mutz-3)-derived DCs; the response cell was a human T cell line that was established from tumor-infiltrating lymphocyte (TIL 1383I) and could recognize an MHC class I (HLA-A2)-restricted epitope of the melanoma antigen tyrosinase. Compared with other control groups, we found that LV\@HPA/PEI-1383 DRibbles load to Mutz-3 DCs played an important role in secretion of IFN-γ and GM-CSF by TIL 1383I, and both elevated cytokines indicated tumor-specific T cells were activated. These results proved that LV\@HPA/PEI-DRibbles have a similar effect both on human and murine DCs and T cell activation.

Furthermore, PancO2 tumor cells were used to establish the tumor animal model for further study. It was found that LV\@HPA/PEI-DRibble-DCs could inhibit tumor growth and prolong survival in tumor-bearing mice by injecting different activated DC vaccines. There were significant changes in four groups of tumor growth curve and the survival rate of mice, and mice in the group of LV\@HPA/PEI-DRibble-DCs had smaller tumor size and slower growth compared with DRibble-DC groups. These results demonstrated that the new vaccine LV\@HPA/PEI-DRibble-DCs, having an outstanding anti-tumor effect and excellent curative effect, provides a theoretical basis for clinical application in the future.

Conclusion
==========

In summary, we identified excellent biological characteristics and potential adjuvant function of LV\@HPA/PEI for DC antigen cross-presentation in anti-tumor immunotherapy. To combine with the tumor autophagic antigen, DRibbles, the novel cancer adjuvant (LV\@HPA/PEI-DRibbles) has excellent abilities to mature DCs. Furthermore, the DC vaccine (LV\@HPA/PEI-DRibble-DCs) exhibits excellent efficacy in the activation of tumor-associated T cells, inhibition of tumor volume and prolongation of survival rate in tumor-bearing mice, and may be a candidate for an effective antitumor vaccine in the future.
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![Effective adsorption and transportation properties of LV\@HPA/PEI.\
**Notes:** (**A**) Zeta potential of LV\@HPA coated with PEI and different concentrations of OVA. (**B**) OVA proteins absorbed by LV\@HPA and LV\@HPA/PEI in different concentrations were determined by BCA assay. (**C**) The cytotoxicity after LV\@HPA-OVA and LV\@HPA/PEI-OVA loaded with mutu DCs was detected by CCK-8 assay. (**D**) As shown by red arrows, mutu DCs loaded with either (a-c) LV\@HPA-OVA or (d-f) LV\@HPA/PEI-OVA were imaged by TEM. (**E**, **F**) OVA-FITC was incubated with either 10 μg/mL LV\@HPA or LV\@HPA/PEI and then were loaded on to mutu DCs; thereafter, FITC fluorescence was detected by flow cytometry. (**G**) OVA protein, LV@ HPA-OVA, and LV\@HPA/PEI-OVA were incubated with mutu DCs for 6 hours, and then intracellular OVA content was detected by Western blot. Independent experiments were performed three times. The data are presented as the mean ± SD. ns, *P*\<0.05; \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** FITC, fluorescein isothiocyanate; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; OVA, ovalbumin; PEI, polyethyleneimine; TEM, transmission electron microscopy; LV\@HPA, aluminum hydroxide\@heparanase; BCA, bicinchoninic acid; DCs, dendritic cells; CCK-8, cell counting kit-8.](ijn-13-3353Fig1){#f1-ijn-13-3353}

![Aluminum hydroxide adjuvant can enhance the ability of DC cross-presentation.\
**Notes:** (**A**) The secretion of IL-12 cytokine was detected by ELISA after mutu DCs loaded to different concentrations of nanoparticle--OVA complexes. (**B**, **C**) The percentage and fluorescence intensity of mutu DC surface molecules, CD80 and CD86, changed after being loaded with 10 μg/mL LV\@HPA/PEI-OVA and LV\@HPA-OVA. (**D**) The changes of DC cross-presentation were determined by CPRG assay, after different concentrations of LV\@HPA/PEI-OVA and LV\@HPA-OVA were loaded on to mutu DCs. (**E**, **F**) The proliferation of OT-1 T cells affected by BMDCs cross-presentation combined with 10 μg/mL LV\@HPA/PEI-OVA and LV\@HPA-OVA. (**G**) The abilities of stimulating B3Z T cell activation by different APCs, mutu DCs, BMDCs and TAP1^−/−^ DCs, loaded with different nanoparticle--OVA complexes (10 μg/mL) were detected by CPRG assay. Independent experiments were performed three times. The data are presented as the mean ± SD. ns, *P*\<0.05; \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.\
**Abbreviations:** BMDCs, bone marrow DCs; CFSE, carboxy-fluoresceindiacetate succinimidylester; CPRG, chlorophenol red-β-D-galactopyranoside; DCs, dendritic cells; ELISA, enzyme-linked immunosorbent assay; LV\@HPA, aluminum hydroxide\@heparanase; OVA, ovalbumin; PEI, polyethyleneimine; TAP1, transporter associated with antigen processing 1; APCs, antigen presenting cells.](ijn-13-3353Fig2){#f2-ijn-13-3353}

![Nanoparticles combined with DRibbles loaded DCs induce tumor-specific T cell response.\
**Notes:** (**A**) Surface morphology of DRibbles by SEM and shown spherical structures and smooth surfaces. (**B**) Pattern diagram of LV\@HPA/PEI combined with DRibbles. (**C**) DRibbles (1, 2.5, and 5 μg/mL) was taken from PancO2-OVA cell line and then combined with 10 μg/mL nanoparticles, cross-presentation was determined by CPRG assay. (**D**, **E**) Splenocytes derived from PancO2 tumor-bearing mouse, and T cells were re-stimulated by different DC vaccines. Intracellular IFN-γ staining of T cells were detected by flow cytometry. (**F**) Amount of IFN-γ released from splenocytes from vaccinated mice after re-stimulating with PancO2 tumor cells. Mutz-3 DCs were loaded with different nano-adjuvants for 6 hours and then incubated with TIL 1383I for 24 hours. (**G**) Effect of 1383 DRibbles on the cytokines of IFN-γ. (**H**) Effect of 1383 DRibbles on the cytokines of GM-CSF was determined by ELISA. Data represent the mean and standard error of the mean from three mice per group. Independent experiments were performed three times. The data are presented as the mean ± SD. ns, *P*\>0.05; \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001; \*\*\*\**P*\<0.0001.\
**Abbreviations:** 1383 DRibbles, DRibbles from Melanoma1383; CTLs, cytotoxic lymphocyte cells; DRiPs, defective ribosomal products; ELISA, enzyme-linked immunosorbent assay; IFN-γ, interferon-γ; LV\@HPA, aluminum hydroxide\@heparanase; MHC-I, major histocompatibility complex I; PEI, polyethyleneimine; SEM, scanning electron microscopy; SLiPs, short-lived proteins; TAAs, tumor-associated antigens; TCR, T cell receptor; TIL 1383I, T cells with transferred 1383i antigen-specific TCR; DCs, dendritic cells; GM-CSF, granulocyte-macrophage colony-stimulating factor; CPRG, chlorophenol red-β-D-galactopyranoside.](ijn-13-3353Fig3){#f3-ijn-13-3353}

![LV\@HPA/PEI adjuvant combined with DRibbles loaded DCs delayed the PancO2 tumor growth and improved the survival rate.\
**Notes:** (**A**) Establishment of PancO2 carcinoma models by s.c. of 2×10^6^ cell/mL PancO2 in the right flank (n=24, 6 mice in each group) on day 0. The carcinoma models were given 1×10^6^ cell/mL DCs loaded with either DRibbles or LV\@HPA/PEI-DRibbles via s.c. on day 7 and injection in lymph node on day 14. During the whole observation, the tumor volume of tumor-bearing mice was monitored every 3 days. (**B**) The body weight of mice in different treatment groups. (**C**) Average tumor growth curves of mice in the four groups. Growth curves were stopped being recorded when a dead mouse was produced in each group. (**D**) Percentages of survival rate after infusion of vaccines. The data are presented as the mean ± SD. Student's *t*-test and Kaplan--Meier as statistical approaches for tumor volume and survival, respectively. \**P*\<0.05; \*\**P*\<0.01.\
**Abbreviations:** DCs, dendritic cells; i.n., injection in lymph node; LV\@HPA, aluminum hydroxide\@heparanase; PEI, polyethyleneimine; s.c., subcutaneous injection.](ijn-13-3353Fig4){#f4-ijn-13-3353}
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